The mixed separation thickening process (MSTP) of hematite beneficiation is a strong nonlinear cascade process where the input is the underflow slurry pump speed and the outputs are the inner loop underflow slurry flow-rate (USF) and the outer loop underflow slurry concentration (USC). During its operation, some large random disturbances generated from the flotation middling would cause the underflow slurry flow-rate (USF) to fluctuate frequently, making it outside the technologically specified range. This would decrease the flotation time and cause the unexpected level fluctuations of flotation machines, leading to the deterioration of the concentration grade. In this paper, a cascade control structure based upon the USC and USF intervals is proposed for such an un-modellable nonlinear cascade process, where the fuzzy control, rule-based reasoning, switching control and cascade control are combined together. A novel intelligent switching control method is established that includes a USF presetting unit via system static model, a fuzzy reasoning based USF set-point compensator, a maintainer of USF set-point and a switching mechanism using rule based reasoning. The successful application to a real hematite concentration plant has shown the effectiveness of the proposed method. In particular, the real application has shown that the proposed method can ensure the USC, the USF and the fluctuation of its rate of change within their target ranges when the process is subject to the flotation middling random disturbance. As a result, the concentration grade has been much improved.
INTRODUCTION
The separation thickening process is mainly used to condense the concentrate pulp and control the underflow slurry concentration within its specified range (Ghose, & Sen, 2001) . The thickening process, with the underflow slurry bump speed as input, the USF as the inner-loop output and the USC as the outer-loop output, is a strong nonlinear cascade process. Since the thickening process is nonlinear and the mathematical model is difficult to be established, how the slurry concentration is controlled becomes a challenging issue. In this context, cascade control method has been suggested for the single separation thickening process in a gold mine in American, with the underflow slurry bump speed as input, the USF as the inner-loop output and the USC as the outer-loop output. An expert control method was used in the outer loop to ensure the USC to track its set-point (Schoenbrun, Hales, & Bedelll. 2002) . Also, a fuzzy control method was used in outer loop for a single separation thickening process of a copper mine (Segovia, Concha, &Sbarbaro. 2011) . Furthermore, an intelligent control method based on rule-based reasoning was proposed in the outer loop for a bauxite processing plant (Sidrak. 1997; Diehl. 2008 ).
Due to the characteristics of low grade, fine-grained and non-homogenous distribution particles of hematite ore, a magnetic-thickening-flotation separation process must be employed to obtain high concentrate grade. Although the above methods (Schoenbrun, Hales, & Bedelll. 2002; Segovia, Concha, &Sbarbaro. 2011; Sidrak. 1997; Diehl. 2008) can control the USC within its target range, the USF fluctuates seriously in response to the large undulations of the flotation middling and the rinse water generated by flotation processes (Shean, & Cilliers. 2011; Maldonado, Araya, & Finch. 2011) . This would shorten the flotation time and make the slurry level fluctuate, and then lead to the unexpected reduction of the concentration grade at the end of the production.
In this paper, for the above strong nonlinear cascade process that is difficult to model, an interval cascade intelligent switching control method based upon the USC and USF intervals is proposed by combining the fuzzy control, rulebased reasoning, switching control and cascade control. The proposed method has been successfully applied to a thickening process in a large-scale hematite beneficiation plant in China. The application results show that the USC, the USF and its rate fluctuation have been controlled within their desired ranges, where satisfactory control effect has been achieved. This paper is organized as follows. The control problem description is given in section 2. This is then followed by section 3, where control method is developed. In section 4, an industrial application of the proposed method is presented. Finally, some concluding remarks are made in section 5.
Control objectives
The mixed separation thickening process of hematite beneficiation is as shown in Fig. 1 . The concentrate slurry of low concentration generated by the magnetic separation flows into the thickener via flow-rate 3 q . The high concentration slurry can thus be obtained at the bottom of thickener by regularly stirring of rake. In this context, the underflow slurry concentration 2 y can be controlled within its desired range by adjusting the pump speed u that enables the slurry via flow-rate 1 y to enter the flotation machine. The low grade and concentrated flotation middling and rinse water is then discharged from the flotation process via flowrate 1 q and 2 q , respectively. This makes the underflow slurry flow-rate fluctuate frequently. As such, improving the concentration grade and metal recovery rate requires the flotation time and the slurry level of flotation machine to be as steady as possible. This means that the USC 2 y , the USF To summarize, the control objectives of mixed separation thickening are as followes, 1) the underflow slurry concentration is kept within its specified range, i.e., 2min 2 2max
where 2max y and 2min y are the technologically specified upper and lower limits of the underflow slurry concentration, respectively, and k denotes the sample time.
2) the flow-rate of the underflow slurry is controlled within its specified range, i.e., 1min 1 1max
where 1max y and 1min y are the technologically specified upper and lower limits of the underflow slurry flow-rate, respectively.
3) the variations of the slurry flow-rate should be made as small as possible, so that
where  is an upper limit which depends on technology parameters. Therefore, the control task of the thickening process in hematite beneficiation is to design a controller with pump speed u as input variable, the flow-rate of underflow slurry 1 y and slurry concentration 2 y as output variables. Such a controller should simultaneously ensure that the underflow slurry concentration 2 y and the underflow slurry flowrate 1 y , together with the fluctuation of its rate of change, are all within their target ranges by adjusting the pump speed u when the random disturbance of flotation middling happens.
The analysis of dynamic characteristics
Based upon the results presented in literature (Kim, & Klima. 2004; Yale, & Zheng. 2003 ), a dynamic model with the underflow pump speed u as the input and USF 1 y and USC 2 y as the outputs can be established to give, For single separation thickening process, there is no
concentrate slurry Q is steady. Therefore, the flow-rate is also steady.
For the mixed separation thickening process, it can be seen from (7) that 1 ( ) y t varies along with the changes in the disturbance ( ) v t . Since the middling slurry in the flotation process varies frequently and its maximum variation can be over 60% of the concentrate slurry of the magnetic separation process, the flow-rate of the underflow slurry might exceed its target range. This often leads to the flowrate and its rate of changes exceeding their target ranges. As a result, the necessary flotation time is shortened and the slurry level fluctuates. Moreover, this also causes unexpected reduction of the concentrate grade in the end of the production.
Based on the analysis of the control objectives and the dynamic characteristics, it can be concluded that the mixed separation thickening process is a nonlinear cascade process that is difficult to model and being subject to random disturbances. It requires the outer-loop output, the inner output and its rate of changes to be within their target ranges simultaneously. Therefore, the existing cascade control method is difficult to be applied directly. At present, the mixed separation thickening process still adopts a control method that combines the manual operation with the flowrate PI control, as shown in Fig. 2 Fig. 2 . The existing manual-based control status of MSTP When the system is subject to large disturbances ( ) v t , such a manual operation cannot realize a precise switching between manual and PI control modes. This would cause the concentration and the flow-rate of slurry to often exceed their target ranges and then to affect the final concentration grade and the metal recovery rate.
CONTROL METHOD

The proposed control structure
Based upon the analysis of dynamic characteristics, and taking into account the fact that the control objectives of the USC and the USF are for their intervals, an interval cascade control structure of the USC and the USF is proposed as shown in Fig. 3 and Fig. 4 . It consists of the outer-loop namely the intelligent switching control of the flow-rate setpoint and the inner-loop that realizes a good tracking with respect to the set-point. The outer-loop includes the USF presetting, the compensator of the USF set-point, the maintainer of the USF set-point and the switching mechanism. The inner-loop is realized by a PI controller. The presetting of flow-rate 
sp sp
The switching mechanism: The purpose of this module is to use 2 ( ) e k and its rate of changes 2 ( ) e k  to realize the effective switching between the compensator of the USF setpoint and the maintainer of the USF. Accordingly, the PI controller for the slurry flow-rate is used to ensure that the actual flow-rate follows its set-point 1 ( ) sp y k , so that the concentration and the flow-rate, as well as the variation of the flow-rate, are all controlled well within their target ranges.
Intervals intelligent switching control algorithms
The intelligent switching control algorithm for the flow-rate set-point consists of the flow-rate presetting based upon the steady state model, the flow-rate set-point compensator based upon fuzzy reasoning, the maintainer of the flow-rate setpoint and the switching mechanism using rule-based reasoning. The algorithm of each part is as follows. 1).The presetting algorithm of the USF The set-point for USF is selected as 2ref y . When the slurry concentration is at its steady state, it can be obtained from (4) that, In this part, the upper limit  of the flow-rate error is selected as 1max 1min ( )/2 y y  . The upper limit  of the concentration error is set to 2max 2min ( ) /2 y y  . By denoting quantization factors of { 1 e , 2 e } as { 1
and with the domain upper limit of fuzzy subsets given by 6 n  , the inputs to the fuzzy controller (i.e., 1 ( ) E k and 2 ( ) E k ) are given by
where symbol   denotes the rounding operator. 
E belongs to PM and PB, respectively, while 2 E belongs to NS and NM, respectively. Thus, the followed rules can be obtained from Finally the set-point value of USF 1 ( ) sp y k at the current time can be calculated as:
3). Switching mechanism based on rule-based reasoning
The "If <premise> then <conclusion>" rule-based reasoning (Li, Shue, & Shiue. 2000; Lin, Tseng, & Teng. 2008) is used in this paper. The "premise" variables are 2 ( ) e k and 2 ( ) e k  . ( ) ( ) 0 e k e k    , the maintainer of the USF is switched on.
Finally the PI controller is designed using Z-N method given in (Lequin, et al. 2003 ).
INDUSTRIAL APPLICATION
Parameter selection of the controller
The proposed control method has been applied to the mixed separation thickening process of a hematite concentration plant in China, as displayed in Fig. 7 . This process consists of the thickener (of type HRC25/2 with the diameter 25m and the depth 9.5m), a rake (with driving motor power of 5.5 KW) and the underflow pump (of type 300ZJ-I-A56 with the motor power 75 kw). 
Based on the upper and lower limitation of the USC and the UCF, the reference value of USC is determined as 2 (0.31 0. 
Industrial application effectiveness analysis
The controller of the USC and USF intervals is designed by adopting the proposed control method. On the basis of simulation studies (Li, Chai, & Zhao. 2014) , a control software is developed. Moreover, the computer control system of the mixed separation thickening process is designed. The hardware of control system is shown in Fig. 8 . The system consists of three sets of CLX distributed control systems, two sets of operator stations of RSView32 and one multimedia monitor station. The system has also the corresponding instruments, electrical equipments and actuator such as the AB-PowerFlex 70 transducer, etc. The software includes one set of PLC programming software (RSLogix5K), one set of PC configuration software (RSView32) and one set of communication software (RSLinx) . It also has one set of network planning software (RSNetwork) and the corresponded computer operation system. In line with the structure of the mixed separation thickening process and the status of its equipments, a human machine interface is designed as shown in Fig. 9 . Table  2 . The historical responses show that USC increases from 33.2% to 33.9% at the time 10:17 because of a large random disturbance generated by the flotation middling. This has exceeded the region of USC (32.5%-33.5%). As a result, the on-site operator adjusted the set-point of USF from 375m3/h to 400 m3/h empirically. When USC decreases to 31.8% at 10:36, the on-site operator changed the set-point of USF from 400m3/h to 340m3/h empirically. From the responses in Fig. 10, Fig. 11 , Table 2 and Table 3 , it can be concluded that the proposed intelligent switching control method of USC and USF is superior to the manual control.
In order to evaluate the proposed control method against manual operation, the concentrate grade and the metal recovery rate of 8 months before and after the control system was put into operation have been obtained. The average values of the concentration grade and the metal recovery rate are shown in Table 4 . It has also been observed that the flotation concentrate grade has been increased from 60.69% to 60.82%, with improvement of 0.13%, when the metal recovery rate is fixed. 
CONCLUSIONS
This paper has presented a new intervals cascade intelligent switching control method for a mixed separation thickening process. The controller is composed of the outer-loop (i.e., the intelligent switching control of flow-rate set-point) and the inner-loop (i.e., the tracking control flow-rate set-point), where the former consists of the flow-rate presetting based upon the steady state model, the fuzzy reasoning based compensator of the USF, the set-point maintainer of the USF and the switch mechanism based upon the rule-based reasoning. It has been shown that the proposed intelligent switching control method can sufficiently utilize the variation range of the USC and the USF to reduce the variations of the USF set-point by effective switching between the maintainer and the compensator. As a result, the fluctuations of the setpoint are constrained within their target ranges. The real industrial application result has shown that the proposed method can control the USC, the USF and its rate fluctuation within their target ranges when the process is subject to the flotation middling random disturbance. The concentration grade has been well improved. It can also be concluded that the proposed control method provides a novel framework that can be used to control nonlinear cascaded systems so that the outputs of inner and outer loops as well as their fluctuations can be controlled well inside their targeted ranges when the system is subject to random disturbances.
